Objective: To examine and summarize previous retrospective and observational studies assessing noncontact anterior cruciate ligament (ACL) injury mechanisms and to examine such reported ACL injury mechanisms based on ACL loading patterns due to knee loadings reported in in vivo, in vitro, and computer simulation studies. 
Mechanisms of ACL injury have been investigated using a variety of research models, including retrospective interviews, chart reviews, and observational video analyses. However, as a result of limitations in these studies, it is not possible to directly determine how the ACL is injured. Therefore, in vivo and in vitro biomechanical studies of ACL loading patterns and mathematical modeling such as computer simulations have also been used to examine the loads (ie, force, moment) stressing the ACL. Thus, our first objective was to examine and summarize previous retrospective and observational studies that described noncontact ACL injury mechanisms. Our second objective was to further examine the described ACL injury mechanisms based on in vivo, in vitro, and computer simulation studies of ACL loading patterns in response to combined directional loads.
Study Selection/data Extraction
A literature search was done using MEDLINE; we reviewed literature from 1950 through 2007. For our first purpose, we searched the literature using a combination of the following key words: anterior cruciate ligament + injury + mechanisms, anterior cruciate ligament + injury + mechanisms + retrospective, andanterior cruciate ligament + injury + mechanisms + video analysis. Studies that we included in addressing our first purpose were those in which the authors (1) retrospectively reviewed medical charts for ACL-injured patients and/or interviewed ACLinjured patients using questionnaires, etc, (2) described specific motions (eg, knee internalexternal, valgus-varus motions) at the time at which the noncontact ACL injury happened based on video observations, and (3) assessed noncontact ACL injuries that were not equipment related (eg, skiing injuries). We also included studies that reported the activities observed at the time of noncontact ACL injuries to further examine the knee loading that possibly occurred at the time of injury. When the patient injured the ACL during functional activities in the absence of any external forces other than the ground reaction force, we defined such ACL injuries as noncontact injuries.
For our second purpose, we used a combination of anterior cruciate ligament and the following key words:loading in vivo, loading in vitro, force in vivo, strain in vivo, force in vitro, strain in vitro, forward dynamics, computer simulation, quadriceps loading, quadriceps force, quadriceps strain, hamstring loading, hamstring force, hamstring strain, gastrocnemius loading, gastrocnemius force, gastrocnemius strain, loading closed kinetic chain, force closed kinetic chain, and strain closed kinetic chain. Studies were included if they were (1) conducted in vivo or in vitro and directly examined ACL loading (ie, ACL tensile force or strain) as a result of muscle forces and other combined knee loadings, including knee muscle force, force on the tibia, or moment to the knee joint, (2) conducted in vivo or in vitro and directly examined ACL loading during functional weight-bearing tasks, and 3) computer simulations that estimated ACL loading patterns during weight-bearing functional tasks. We limited our review to these studies for our second purpose, as our review of described mechanisms of noncontact ACL injuries revealed they are more likely to be multiplane loading in nature and to happen during weightbearing activities. We chose not to include studies that examined sex differences in biomechanical factors during "at-risk" motions for the ACL, as they did not directly assess ACL loading patterns. Additional citations that were not identified in the initial literature search were obtained via recommendations from experts and references from the articles retrieved.
To clarify, we defined the knee motions described in this review as follows: (1) knee internal (external) rotation as tibial internal (external) rotation relative to the femur in the transverse plane and (2) knee valgus (varus) as tibial abduction (adduction) relative to the femur in the frontal plane. Results from these studies are summarized and compared to identify the current state of knowledge regarding possible noncontact ACL injury mechanisms.
RESULTS
For our first purpose, we initially retrieved a total of 608 articles through MEDLINE. From these articles, we identified 7 articles that met our inclusion criteria. The findings of these studies are summarized in Table 1 . For our second objective, 847 citations were initially retrieved. From these citations, 33 articles (7 in vivo, 18 in vitro, and 8 computer simulation studies) were identified that met our inclusion criteria. The summary findings for these studies are categorized by knee muscle forces, multiplane knee loadings, weight-bearing functional activities in vivo and in vitro, and computer simulation models. These results are presented in Tables 2 through 7 .
DISCUSSION
Our primary finding was that the mechanisms of noncontact ACL injuries appeared to be multiplane knee loadings. The ACL may be loaded excessively if vigorous quadriceps forces are combined with frontal-plane and/or transverse-plane knee loadings with insufficient hamstrings muscle cocontraction forces, especially when the knee is at near-extension or hyperextension. We will discuss the results from retrospective and observational studies first in order to examine the motions observed at the time of noncontact ACL injuries. In the following sections, we will discuss the effects of knee muscle forces, multiplane knee loadings, and weight-bearing activities in vivo and in vitro on ACL loading patterns and, finally, we will present results from computer simulation models that examined ACL loading patterns during functional tasks.
Retrospective Interviewing Studies
Mechanisms of ACL injury have been retrospectively investigated by interviewing those who have sustained an ACL injury (Table 1) . 7, 9, 10, 12, 13 Most of the injuries are reported to occur with noncontact mechanisms, such as those involving landing from a jump and sudden deceleration of the body while running, with or without a change in direction. 7, 9, 10, 12, 13 A common characteristic in these retrospective studies is that ACL-injured individuals often report that the knee moves in multiple planes of motion. 9, 10, 13 For example, in many cases patients reported that the knee went into valgus with either internal or external rotation while the knee was hyperextended or in a shallow knee flexion angle (eg, 20°). 9, 10 Another important characteristic appears to be the knee flexion angle at the time of injury. Although one group 10 reported that the ACL injury occurred when the knee was at or near full extension, knee hyperextension is also often reported as part of the mechanism. 7, 10 Also, the majority of noncontact ACL injuries were reported to happen during weight-bearing conditions, 7,9,10,12,13 a finding supported by Faunø and Wulff Jakobsen, 12 who noted that 104 of 105 ACL-injured patients stated that the injury happened when the injured foot was in contact with the ground.
Some limitations are inherent when using these retrospective methods to identify the injury mechanism. All the information gained about the mechanism of ACL injury depends on the patient's recall and senses to describe the positions of each lower extremity segment at the time of the injury. Boden et al 7 reported that the time of interview was, on average, 3.4 years after the injury (range = 1 day-30.3 years). With this range between injury and interview, it is questionable whether all patients accurately recalled the exact mechanisms or the position of their body at the time of injury. This may be true especially for small motions, such as knee internal-external rotation. For these reasons, descriptions of the ACL injury mechanism are often vague. 7, 9, 10 Moreover, the internal-external forces and moments applied to the tibia at the time of injury cannot be determined from these studies.
Even with these limitations, important information regarding the mechanisms of ACL injury has been gained. From these reports, noncontact injury may be more likely to occur when the knee is in a shallow flexion angle 10 or a hyperextended position, 7, 10 and the often-observed combined motions in both frontal and transverse planes during sudden deceleration motions indicate that ACL injury likely results from multiplane knee loading. 7, 9, 10, 12, 13 
Observational Analyses
Qualitative (observational) analyses using video 7, 8, 11 are consistent with retrospective interviews noting that ACL injuries happened during weight-bearing activities at a shallow knee flexion angle (eg, 5° to approximately 20°), often with combined knee motions ( Table 1 ). In particular, valgus motions were frequently observed with transverse-plane knee rotation motions. 7, 8, 11 Boden et al 7 and Olsen et al 11 described other important features that ACL-injured patients demonstrated at the time of the injury. Boden et al 7 observed that the injured leg was often placed in front of the body with the upper body leaning backward, whereas Olsen et al 11 observed that players were often perturbed by other opponents just before landing.
Although these expert observations shed further light on the mechanisms of ACL injury, a primary limitation of these observational studies is that the time point at which ACL injury actually occurs cannot accurately be determined. The authors provided no explanation for how they determined the moment of injury, 7, 8, 11 and it is difficult to decipher if the joint angles and motions observed occurred before or after injury. For example, Ireland 47 coined the term position of no return to describe the combined motions of hip adduction and internal rotation, external rotation of the tibia relative to the femur, internal rotation of the tibia on the foot, and forefoot pronation. However, it is possible that the observed position of no return is a result of the ACL injury, not the mechanism leading to the ACL injury itself. Further, exact movements of bony segments cannot be precisely determined by these visual techniques. However, given the consensus of these reports with the retrospective studies previously described, observational studies continue to support the typical occurrence of ACL injuries as a result of combined motion patterns, 7, 8, 11 especially with weight bearing 7, 8, 11 and the knee near full extension. 8, 11 Based on the findings from these retrospective and observational studies, we then examined the literature relative to the effects of isolated and combined muscle forces about the knee on ACL loading; these muscle forces include the quadriceps, hamstrings (as a hip extensor), and gastrocnemius muscles. We then examined studies that investigated the effects of combined knee loading, such as combined frontal-plane and transverse-plane knee loadings and knee muscle forces with hyperextension and transverse-plane or frontal-plane knee loadings in vivo and in vitro. Finally, we examined studies that examined the effects of functional weight-bearing tasks on ACL loading patterns in vivo, in vitro, and in computer simulations. Results from these studies are discussed in order to examine how motions observed at the time of ACL injury correspond with actual ACL loadings.
Anterior Cruciate Ligament Loading in Vivo and in Vitro
Anterior cruciate ligament loading patterns have been examined by applying external loads (eg, moment, force) to the knee both in vivo and in vitro. In vivo study denotes an investigation with a living organism, whereas in vitro study describes an investigation performed in the laboratory, usually using isolated tissue, organ, or cell preparations (eg, cadaver knees). 48 Although the authors of these studies did not directly examine mechanisms of ACL injuries, they provide further evidence regarding external loads that may possibly stress and damage the ACL.
Generally speaking, 2 measurement methods have been used to assess ACL tensile forces or strain during the application of various external loads to the knee. 49 One method is to use a small force transducer or strain gauge attached to the origin or insertion of the ACL to directly measure the amount of ACL tensile force or strain.
‡ Another method, which does not directly attach a force transducer or strain gauge to the ACL, has been introduced by Woo et al. 49 Using a robotic arm with a 6-degrees-of-freedom force transducer, various loads are applied to cadaver knees with most of the passive structures present. The robotic arm records the force during the application of loads to the knee. Then the ACL is cut, and the robotic arm loads the knee in the same path of movement as before. The force obtained by subtracting the force with the ACL absent from the force of the intact ACL is considered to be the force developed in the ACL. The force transducer method can only obtain the magnitude of ACL tensile force, but the latter robotic arm method can obtain not only the magnitude of the force vector but also the direction and origin of the force vector. 49 Strain is measured using a small gauge implanted on the ACL, usually on the anteromedial bundle. 15, 16, 20, 29, 34 Because the strain gauge is small, ACL strain has been obtained from both living humans and cadavers.
§ Strain represents the change in length of the ACL from its initial length and is expressed as a percentage of its initial length. In contrast to force measurement, a lack of change in ACL strain does not necessarily mean that the ACL is not loaded. Rather, it simply means that the force did not result in a change of length of the ACL from its initial length in the section where the strain gauge is attached. Also, because the strain gauge is attached to only a small part of the ACL (usually the anteromedial bundle), the strain measured at the implanted site may not represent strain across the ACL as a whole.
One of the advantages of using cadaveric knees (ie, in vitro studies) to assess ACL loading behavior is that it is easier to control knee joint kinematics and kinetics (ie, the force or moment applied to the knee). However, because the patterns of ACL loading due to various types of external loading may depend on how intact the knee specimen is, 14 ACL loading patterns demonstrated by cadaveric knees may not represent ACL loading patterns in the living human. Although in vivo studies may overcome such limitations of these in vitro studies, it is difficult to control and assess external and internal forces or moments acting on the intact knee joint, making it difficult to determine the forces and moments responsible for ACL loading. Although in vivo and in vitro studies each have their strengths and limitations, together they provide valuable information regarding ACL loading patterns with different knee loads. In the following sections, we will summarize the results from biomechanical studies using these methods to examine ACL loading patterns.
Knee Muscle Forces. The ACL is loaded when an anterior directed force is applied to the tibia, and the ACL serves as the primary restraint to anterior tibiofemoral shear forces. 49-,51 In recent studies 49, 50 using a robotic arm with a 6-degrees-of-freedom force transducer, the authors measured ACL tensile force during application of an anterior shear force to the tibia at various knee flexion angles. When the knee was near full extension (less than 30°), ACL tensile forces were of similar magnitude as the applied anterior shear force. 49, 50 However, when the knee was flexed more than 60°, ACL tensile forces due to the applied anterior shear force were smaller than those measured when the knee was flexed less than 30°. 49, 50 For example, Sakane et al 50 reported ACL tensile force when 110 N of anterior shear force was applied to the tibia at various knee flexion angles. More than 90 N of ACL tensile force was observed at knee flexion angles of less than 30°, whereas only 70 N and 59 N of ACL tensile force were observed at 60° and 90° of knee flexion angle, respectively. These results are in agreement with those of Butler et al, 51 who showed that the ACL is the major restraint against anterior shear forces applied to the tibia relative to the femur, especially with shallow knee flexion angles, indicating that the ACL is more vulnerable to excessive anterior loads near full knee extension. 50 Because the anterior force on the tibia is influenced by knee muscle forces such as quadriceps, hamstrings, and gastrocnemius muscle contractions, the following section will discuss the effects of these muscles on ACL loading. Table 2 provides a summary of in vivo and in vitro findings regarding ACL loading responses due to quadriceps muscle force or produced knee extensor moment at different knee flexion angles. Quadriceps muscle contraction has been considered to be one of the major forces producing anterior-directed forces on the tibia. 52, 53 An increase in ACL tensile force during quadriceps contractions with the knee in a shallow flexion angle can be explained by the direction of the infrapatellar tendon force vector in the sagittal plane. Nunley et al 54 reported that the angle between the infrapatellar tendon and the longitudinal axis of the tibia is largest during shallow knee flexion angles. These results were in agreement with those of Isaac et al. 53 Therefore, the anterior shear force component becomes larger near full knee extension compared with deeper knee flexion angles (ie, more than 70°), in which the direction of the shear force actually moves posteriorly. Thus, vigorous, unopposed quadriceps contractions near full knee extension can theoretically increase ACL tensile forces and may be harmful to the ACL. This theory is supported by authors of in vitro studies, who found that isolated quadriceps contractions increased ACL strain or tensile force during shallow knee flexion angles (ie, less than 40° to approximately 60° of knee flexion) and reduced ACL strain or tensile force when the knee was flexed to more than 45° to 60°. 14,18,19,21-,25 These findings are also consistent with those of in vivo studies by authors examining ACL strain during open kinetic chain knee extension exercises. 15, 16, 20 During isometric quadriceps contractions and the eccentric phase of knee extension exercise, Beynnon et al 15, 16 and Fleming et al 20 found that ACL strain increased during shallow knee flexion angles but not at knee flexion angles of greater than 40° to approximately 60° or at 90°.
Quadriceps Muscle Force.
Although these results indicate that excessive quadriceps force may increase the risk of ACL injuries, the authors did not directly examine ACL injury. We found only 1 group that directly examined this possibility. DeMorat et al 17 examined the effect of a 4500-N quadriceps contraction force on the ACL in cadavers and observed that 6 of the 11 knee specimens experienced partial or complete ACL ruptures. However, DeMorat et al 17 observed not only anterior tibial displacement but also knee internal rotation and knee valgus motions with application of the quadriceps load. Hence, quadriceps contractions appeared to produce some degree of knee internal rotation and valgus moment to the tibia in addition to anterior tibial translation, thus affecting ACL loading in more than one plane of motion.
Hamstrings Muscle Force. Table 3 provides a summary of in vivo and in vitro findings regarding the effects of hamstrings muscle cocontraction forces with quadriceps muscle force or anterior shear force to the tibia on ACL loading responses at different knee flexion angles. Hamstrings contractions are thought to produce posterior shear forces and, along with the quadriceps, compressive forces at the tibiofemoral joint, thereby increasing knee stability. 55, 56 Anterior cruciate ligament tensile force due to quadriceps contractions decreased with hamstrings cocontractions. 18,21-,23,25 The amount of reduction in ACL tensile force was especially notable as the knee flexion angle increased. 18,21-,23,25 From these results, we can determine that the protective function of the hamstrings muscle with regard to the ACL may decrease at extended knee angles. Thus, the notion that the application of excessive quadriceps contraction forces or anterior shear forces to the tibia near full knee extension places the ACL at greater vulnerability for strain and tension is further supported. Table 4 describes in vivo and in vitro ACL loading responses due to gastrocnemius muscle force at different knee flexion angles. Gastrocnemius muscle force has been hypothesized to create an anterior shear force on the tibia, resulting in an increase in ACL loading using a computer simulation model. 57 This hypothesis was tested by 2 groups that examined the effects of gastrocnemius muscle force on ACL strain in vivo 27 and in vitro, 19 and the results were contradictory.
Gastrocnemius Muscle Force.

Dürselen et al
19 inserted 2 screws in the posterior aspects of the lateral and medial femoral epicondyles. They attached a wire to the screws and pulled to simulate gastrocnemius contraction force (actual force not specified). The gastrocnemius forces had no effect on the ACL strain at any knee flexion angle (full extension to 110°) compared with ACL strain values due to passive knee flexion. Conversely, Fleming et al 27 showed that gastrocnemius forces increased ACL strain in vivo. They electrically stimulated the gastrocnemius muscle to produce at least a 15-Nm ankle plantar-flexion moment and assessed the amount of ACL strain. The ACL was strained with gastrocnemius contractions as compared with no muscle contraction between 5° and 30° of knee flexion. However, the amount of ACL strain due to the gastrocnemius depended on knee flexion angle, as the ACL strain value reached about 4% at 15° of knee flexion and was close to zero or unstrained at above 30° of knee flexion.
Methodologic differences may explain these contradictory results (eg, using a wire to simulate the muscle force in vitro 19 versus stimulating the gastrocnemius muscle in vivo 33 ). When the authors 46 of a computer simulation study assessed the effects of gastrocnemius force during a drop landing, they found it had minimal effect on ACL loading, as it produced only a small amount of anterior shear force to the tibia. Hence, the available data are insufficient to conclusively determine whether a gastrocnemius force is important for ACL loading and injury. More studies are needed to critically answer these questions.
In summary, excessive quadriceps contraction forces near full knee extension may increase ACL loading and possibly the risk of ACL injury. This factor may be of particular concern during deceleration maneuvers, when the weight is back on the heel. Athletes who sustain an ACL injury have often reported that the involved leg was positioned in front of the upper body, with the upper body leaning backward during a sudden deceleration motion from forward running. 7 In this position, the individual must produce a substantial quadriceps force to decelerate the limb. Further, the hip is extended (secondary to the body leaning backward), which places the hamstrings in a shortened position and, therefore, presumably lends little stability to the knee during this sudden deceleration motion. As a result, high anterior tibial shear forces may be experienced, increasing ACL tensile force and injury risk. Given evidence that the quadriceps contraction force may also produce moments in the frontal and transverse planes (ie, knee internal rotation and valgus rotation moments), 17, 21, 58 we need to examine ACL loading in multiple planes.
Combined Knee Loading-Hyperextension Loading. Table 5 provides a summary of in vivo and in vitro findings regarding the effects of ACL loading responses due to combined knee loading. Hyperextension may be the most obvious mechanism of noncontact ACL injury, as the motion primarily occurs in the sagittal plane and has been observed in such injuries. 7, 10 Previous authors who measured ACL tensile force agreed that hyperextension of the knee loads the ACL. Markolf et al 24 showed that even during passive knee flexion-extension motions, ACL tensile forces increase as the knee approaches full extension and peak with knee hyperextension. When knee hyperextension was combined with knee internal or external rotation moments, ACL tensile forces were more than double the forces recorded for knee internal or external rotation moments with the knee flexed to 20° or more. 23, 24 Because hyperextension with or without transverse plane loading dramatically increases ACL tensile force, it may be said that excessive hyperextension loading increases the risk of damaging the ACL.
Frontal-Plane and Transverse-Plane Loading. Most ACL injuries happen in weight bearing during deceleration motions that are assumed to be accompanied by a quadriceps contraction. 7-,13 Therefore, ACL loading patterns with the application of external loads in the frontal and transverse planes were primarily considered when combined with quadriceps force or weightbearing loads. The effects of combined anterior shear force and frontal-plane or transverse-plane loadings were also considered, because anterior shear force is closely associated with quadriceps force, as stated above. Further, ACL loading patterns due to combined frontal-plane (ie, valgusvarus) and transverse-plane (knee internal-external rotation) loads were also considered, as they are also frequently observed motions during noncontact ACL injuries. 7-,9,11,12 Based on the results of in vivo and in vitro studies, applying a knee internal rotation moment increases ACL loading more than an applied knee external rotation moment when combined with a quadriceps force 14, 23, 29 or anterior shear force. 26, 28 Approximately twice the ACL tensile forces have been observed in cadaveric knees with a combined quadriceps force and knee internal rotation moment compared with a combined quadriceps force with and without a knee external rotation moment. 23 Although ACL strain was highest during a combined quadriceps force and knee internal rotation moment (up to approximately 2% higher than the strain values with the application of only quadriceps force), ACL strain actually reduced during a combined quadriceps force and knee external rotation moment.
14 In both cases, higher ACL strain and tensile forces were observed near full knee extension (0° and 15°). 14, 23 Similarly, authors of an in vivo study 29 demonstrated larger ACL strain values during weight bearing at 20° of knee flexion angle with the application of 9 Nm of knee internal and external rotation moments as compared with the strain values due to weight bearing alone. Although no statistical analysis was conducted, the incremental increase in ACL strain due to the application of a knee internal rotation moment appeared to be appreciably higher than that due to an external rotation moment during weight bearing. 29 These results imply that when the knee experiences an excessive knee internal rotation moment along with excessive quadriceps force during weight bearing, substantial strain or tensile forces may be imposed on the ACL, potentially increasing ACL injury risk.
Applications of a valgus or varus moment with a quadriceps contraction, weight bearing, or anterior shear force have also been reported to increase ACL strain in vivo and in vitro. 14, 26, 28, 29 In a cadaver study, ACL strain values were higher when a quadriceps force was combined with a 15-Nm valgus or varus moment during knee flexion angles greater than approximately 40°.
14 However, with knee flexion angles of less than 40°, ACL strain due to these combined loading patterns was slightly lower (approximately 1%) than the strain due to quadriceps force alone. Further, during weight bearing in vivo, the application of 10-Nm valgusvarus moments did not change the strain value when compared with the strain due to weight bearing alone. 29 These studies indicate that during weight-bearing activities, when quadriceps muscle activity becomes dominant, a valgus or varus moment may not dramatically influence ACL strain.
However, Berns et al 28 and Markolf et al 26 showed that when frontal-plane knee loadings were combined with anterior shear force, ACL tensile force was greater than that due to anterior shear force alone. At this point, the reason for such a discrepancy in the effects of frontal-plane knee loading with quadriceps, weight bearing, or anterior shear force is unknown. Nevertheless, these studies showed a possible increase in ACL loading if knee valgus or varus loading is combined with anterior shear force to the tibia, for example, due to quadriceps contractions.
Although high valgus loading has been shown to damage or load the ACL secondary to medial collateral ligament injury, 59 ,60 varus-valgus loading rarely occurs in isolation, and it is possible that ACL loading patterns may be quite different when varus-valgus knee loads are combined with transverse-plane knee loads.
A limited number of groups have examined the effect of combined frontal-plane and transverseplane knee loading on ACL tensile forces. 19,30-,32 Such studies are relevant because these motions are often observed together at the time of injury. 9, 11, 61 Authors who used a robotic arm to examine ACL tensile forces showed that combined loading of valgus with either a knee internal rotation or external rotation moment increased ACL tensile force. 30-,32 However, ACL tensile force was almost 2 times greater with combined valgus and knee internal rotation loads than with combined valgus and knee external rotation loads at 15° of knee flexion and was greater than an isolated valgus load at 30° of knee flexion. 31 Dürselen et al 19 agreed with these results in that combined knee loading of knee valgus and knee external rotation motion did not increase ACL strain as compared with passive knee flexion. These studies provide evidence that when excessive valgus and knee internal rotation loads are combined near full knee extension, the ACL may be at greater risk for strain and injury. This risk appears to be greater when these moments are experienced in weight bearing augmented by excessive quadriceps contraction.
Based on the collective findings of these studies, Ireland's 47 description of ACL injury as one that is frequently due to combined excessive valgus and knee external rotation is somewhat unclear. However, knee external rotation cannot be ruled out as a mechanism for ACL injury because of the potential for ACL impingement against the femoral intercondylar notch. 62 Fung and Zhang 62 assessed ACL strain behavior using a 3-dimensional simulation model. Two human knee specimens with obvious ACL impingement were chosen for the experiment. The ACL and the bony surfaces of the tibia and femur were digitized, and the ACL was partitioned into anteromedial, posterolateral, and intermediate bands. They then simulated combination knee motions of either external rotation and valgus or internal rotation and varus. The combination of 8° of valgus and 5° of knee external rotation stretched all 3 bands of the ACL as a result of impingement against the intercondylar notch. Further increases in knee external rotation (12°) resulted in more ACL strain (approximately 2% in the anteromedial band and 1% in the intermediate and posterolateral bands). Conversely, the ACL never contacted the intercondylar notch with combined knee internal rotation and varus loading. Because ACL strain values due to the combined knee loading (knee internal rotation and varus) were not reported in this study, which combined knee loadings created the greatest ACL strain is unknown. Also, because they did not report strain values due to the combination of knee internal rotation and valgus loading, comparing their strain values with those of other studies is difficult. Nonetheless, Fung and Zhang 62 stated that knee external rotation and valgus may also increase the risk of ACL injury due to impingement.
As we can see from these results, the combination of valgus with both knee internal rotation and external rotation may offer one of the more compelling causes of ACL injury. Although valgus and knee external rotation motion is commonly believed to be an ACL injury mechanism based on retrospective reports, 9-,11 biomechanical studies demonstrate the importance of also examining knee internal rotation motion during dynamic tasks.
14,17,21,23,29-,32,63,64 Speer et al 64 found that 93% of patients with ACL ruptures (50 out of 54) showed evidence of posterolateral injuries to the proximal tibia and, in particular, injuries to the posterior horn of the lateral meniscus. The authors concluded that this finding reflected a violent anterior subluxation of the lateral tibial plateau as the ACL was ruptured in knee flexion, and they hypothesized the mechanism of injury to be an "index pivot shift event."
Closed Kinetic Chain Exercises. Anterior cruciate ligament injuries typically occur when the foot makes contact with the ground, such as during sudden deceleration, landing, or jumping.
7-
,10 Although few authors have examined ACL loading during closed kinetic chain exercise, these investigations are particularly relevant because these activities share movement and muscle activation patterns in weight bearing. Therefore, examining ACL loading patterns during weightbearing activities provides additional insights into the mechanisms of ACL injury (Table 6 ).
Anterior cruciate ligament strain patterns during a sudden deceleration task have been assessed in only 1 case study, 33 whereas the authors of 4 in vitro studies examined ACL loading patterns during landing using cadaveric knees by simulating the muscle and impact forces during landing.
36-, 39 Cerulli et al 33 examined ACL strain in vivo during a forward hop and landing task. A small strain gauge was implanted on the anteromedial part of the ACL in the left leg, and the participant performed 3 trials of single-leg forward hop (jump with right leg and land with only left leg). The peak strain values were recorded immediately after the foot contact, at approximately the same time that peak ground reaction forces occurred. Average strain values were 2% during a Lachman test and 5.5% during the jump-stop task. Thus, the ACL may experience larger loads during a sudden deceleration task, especially immediately after foot contact. The findings from in vitro studies simulating knee loading during landing were similar to those of Cerulli et al 33 in that the ACL was strained during landing, 36-,39 with peak strain occurring shortly (approximately 40 milliseconds) after touchdown. 36-,38 Further, Withrow et al 38 demonstrated that ACL strain during landing increased with valgus loading during landing impact as compared with no valgus loading.
The amount of ACL strain during exercises that are often used for ACL reconstruction rehabilitation has also been examined. Three groups 16, 34, 35 examined the ACL strain patterns during several closed kinetic chain exercises. Heijne et al 35 investigated the ACL strain pattern during step-up and step-down motions, lunges, and 1-legged sit to stand and observed average peak strain values of 1.8% to 2.8%, with no difference in strain values between exercises. The ACL strain values at 30° of knee flexion were larger than those at 50° and 70° of knee flexion.
Similarly, Beynnon et al 16 reported that ACL strain values (approximately 4%) were the largest at 10° of knee flexion during squatting, with and without an applied resistance to the motion (created by a rubber tube). The ACL strain values decreased as knee flexion angle increased, with ACL strain near zero at 60° of knee flexion. Fleming et al 34 also agreed with these results in observing higher ACL strain in near-full extension during a stair-climbing task.
These studies of nonballistic closed chain exercises once again demonstrate that ACL strain values were higher during shallow knee flexion angles, further validating retrospective observational studies that ACL injuries tend to happen near full knee extension. 7, 8, 10, 11 Comparing the mean strain values reported by Beynnon et al 16 and Cerulli et al 33 indicates that the amount of strain may be higher during more ballistic types of exercise, such as sudden deceleration motions. This comparison may be appropriate because the strain values observed during a Lachman test were similar in both studies (approximately 2% of ACL strain). 16, 33 Further, during such ballistic deceleration tasks, receiving large valgus loading may further increase ACL loading, 38 supporting valgus loading as part of noncontact ACL injury mechanisms. 7, 8, 9, 11 
Anterior Cruciate Ligament Loading Estimated by Computer Simulations
Computer simulations have also been used to predict ACL loading during closed kinetic motions (Table 7) . 36,40-,45,54 The authors of the studies referenced in Table 7 directly calculated the amount of ACL tensile force based on predicted kinetic and kinematic variables accounting for such factors as individual muscle forces, anthropometric properties, and other soft tissue supports. Although this approach is useful to predict the amount of ACL tensile force during actual dynamic motions, the extent to which the calculated values (eg, muscle force, ligamentous force) from these studies reflect actual values during corresponding dynamic human motions is unknown. However, these findings add information in our effort to understand the patterns of ACL loading behavior due to dynamic motion and muscle contractions.
A strength of computer simulation studies is that they make it possible to test the function of individual structures while controlling for all other structures. 65 For example, it is difficult to control the activation of involved muscles in vivo, but computer simulations can demonstrate the effects of different muscle activations on ACL loading patterns during exercise. Thus, computer simulations allow us to test various loading conditions. The ACL loading patterns estimated by computer simulations were generally in agreement with those noted in the previously mentioned in vivo studies (Table 6) . 16, 34, 35 Shelburne and Pandy 44 demonstrated that the ACL was loaded only from full extension to 10° of knee flexion. The findings of simulation studies examining ACL loading patterns during walking also agreed with these results in that peak ACL strain occurred in early stance phase after the heel strike. 36,40-,42,45,54 These results were also in agreement with those of the previously discussed in vivo studies examining ACL loading during closed kinetic chain exercises. 16, 34, 35 Further, Shelburne and Pandy 44 showed the importance of hamstrings activation in reducing ACL loading during nonballistic squatting motions, further emphasizing hamstrings cocontraction during weight bearing. Although the study examined static position in 2 dimensions, more complex factors should be considered in more ballistic dynamic motions. During such dynamic motions, ACL loading results from multiple factors, including ground reaction forces, joint reaction forces, muscle forces, and external moments in multiple planes. 54 Pflum et al 46 and Shin et al 36 examined ACL loading patterns during landing based on data from 1 participant 46 and a cadaveric knee. Their models showed a net posterior shear force at the proximal tibia shortly after landing because of the large, posteriorly directed ground reaction force at the very beginning of the landing. Because both models experienced net posteriorly directed shear force at the proximal tibia at the start of deceleration, the ACL was unstrained. Although ACL loading was not directly calculated, the computer simulation study by McLean et al 66 also demonstrated that net sagittal-plane force at the proximal tibia was directed posteriorly in the beginning of the stance phase of a sidestep crossover maneuver as a result of the large, posteriorly directed ground reaction force. Thus, even with a quadriceps muscle force, the authors stated that the net anterior shear force at the proximal tibia would never be large enough to rupture the ACL. Rather, because they observed enough external knee internal rotation and valgus knee loading to damage the ACL in their perturbation simulations, they concluded that these transverse-plane and frontal-plane loadings would be more important for ACL injury. 66 These results highlight a controversy in the literature as to whether a posteriorly directed ground reaction force actually pushes the tibia back, resulting in the ACL being unloaded, 67 or increases the knee extensor (ie, quadriceps) contraction demand, thereby increasing the anterior shear force at the proximal tibia and loading the ACL during such deceleration tasks. 68 An inconsistency in the results of ACL loading patterns during closed kinetic chain exercise has been noted. For example, although authors 33 of an in vivo study showed that the ACL was constantly strained during rapid deceleration after a forward jump that should cause a posteriorly directed ground reaction force, no strain on the ACL was observed immediately after the touch down in simulated landing studies. 36-,38,46 Whether the amount of anterior shear force due to the quadriceps muscle force would become large enough to injure the ACL during such deceleration activities is not clear at this point because of the limited number of available research models. 61,67-,70 Further studies with a variety of research models are needed to clarify this issue.
These computer simulation studies, however, highlight the concept that the sum of all the forces acting on the knee determines the ACL loading during dynamic motions. In other words, ACL loading cannot be explained by only the quadriceps force or joint reaction force from inverse dynamics. Mathematical models such as those described are not perfect, as it is not possible to obtain perfect data about all the tissue properties, muscle activation patterns, and forces produced by individual muscles. Thus, the extent to which results from these computer simulation models reflect the real human ACL is unknown. However, the results from these models reinforce that ACL loading patterns during dynamic motions change depending on the involvement of many factors. Although a controversy still exists, in general it appears that quadriceps and hamstrings muscle contractions significantly influence the amount of ACL loading, as shown in in vivo and in vitro biomechanical studies.
**
CONCLUSIONS
Anterior cruciate ligament injuries often happen when an individual attempts to decelerate the body from a jump or forward running while the knee is in a shallow flexion angle. 7,9-,11,13 At the time of injury, combined motions such as knee valgus and knee internal-external rotation are often noted. 7,9-,11 From these observations, we can expect that the knee is loaded in multiple planes of motion.
The ACL has been widely known to be loaded with anterior tibial shear forces. 49, 50 Unopposed quadriceps muscle forces produce anterior shear forces, 53, 54 possibly damaging the ACL, especially near full extension. 17 On the other hand, hamstrings cocontraction forces are protective to the ACL, increasing knee stability while the quadriceps are contracting.
18,21-,23,25 An ACL injury often occurs when the body is positioned with the weight back on the heel, which may increase the quadriceps contraction force and reduce the efficacy of the hamstrings. Thus, controlling body position and thigh muscle activations during sudden deceleration and landing motions appears to be an important ACL prevention strategy.
Applying moments to the knee in the frontal and transverse planes may also strain the ACL, particularly when they are accompanied by a quadriceps contraction or weight bearing. 14, 23, 29 The results of both in vivo and in vitro studies showed that the application of knee internal rotation moments increased ACL loading more than the application of knee external rotation moments when combined with a quadriceps force or weight bearing. 14, 23, 29 Combined valgus and knee internal rotation moments also produced higher ACL tensile forces than did combined valgus and knee external rotation moments. 31 Although knee external rotation is often described in the mechanisms for ACL injuries, the literature indicates that knee internal rotation may be an equally, if not more important, motion to protect the ACL. Further, the application of knee valgus loading during a sudden decelerating, weight-bearing task, such as landing, may also increase ACL loading. 38 Hence, excessive knee internal rotation or valgus loading during sudden deceleration motion at a shallow knee flexion angle, especially with excessive quadriceps force, appears to be particularly problematic for the ACL; this subject deserves further study relative to the mechanisms that may injure the ACL.
Because a combination of knee external rotation and valgus motions may impinge the ACL against the femoral intercondylar notch 62 and because these motions have been often observed during noncontact ACL injury, knee external rotation remains an important consideration for ACL injury. 9, 11 However, many of the authors whose work is discussed in this review question the belief that the combined motions of knee external rotation and valgus, as described by the position of no return, are always the cause of ACL injury. Moreover, the motion characterized by position of no return may actually result from ACL failure. At this point, it is not possible to definitively conclude which motions are more problematic for ACL injuries. Yet the results of studies to date demonstrate the importance of focusing not only on the combination of knee valgus and external rotation motion but also on knee internal rotation motion during dynamic motion.
Information regarding combined knee loading patterns during a sudden deceleration task remains scant. Still, our knowledge to date supports the notion that increasing the knee flexion angle during deceleration and acceleration tasks and preventing excessive quadriceps contraction while increasing hamstrings muscle cocontractions, especially at near-full knee extension, may protect the ACL. Also important is the need to protect against excessive frontal-plane and transverseplane loads to the knee in weight bearing, particularly valgus and internal rotation loads. Information gained from this review may assist clinicians and researchers in our continued efforts to design effective injury prevention programs to reduce the risk of ACL injury.
